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ABSTRACT

EFFECT OF GEOMETRICAL SIZE AND UNIT CELL
CAPACITY ON HIGH-PERFORMANCE LITHIUM-ION
BATTERY
Dharani Thej Reddy Eswarawaka, MS
Department of Mechanical Engineering
Northern Illinois University, 2016
Pradip Majumdar, Director

Electric vehicles (EV) have a promising solution to the current greenhouse gas emission
problems and escalating prices of the fossil fuels. One considerable factor contributing to the
drawbacks of EVs is safety of the battery. Lithium-ion batteries are known for their higher energy
densities and potential for higher capacities, thus considered one of the most important
electrochemical energy storage systems. Thermal runaway is critical for EVs as they have a wide
range of charge and discharge rates, so effective heat transfer and protection against high operating
temperatures are crucial. This study focuses on the effect of geometrical size and unit cell capacity
on the performance and heat generation in a lithium-iron phosphate battery cell and storage system
under fast charging and discharging conditions. Charge transport is one of the critical factors that
limits the performance of a Li-ion battery cell and contributes to the large heat generation rate. A
high-performance cooling system is also analyzed to control cell temperature for optimum
performance and avoid thermal runaway. A simulation model based on coupling a battery model

that takes into account the charge transport and heat generation with a CFD model for conjugate
heat transfer and flow dynamics was used to investigate the cell polarization and thermal behavior
of the battery cell for high vehicle load cycles and fast charging conditions.
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1. INTRODUCTION

It can be difficult to imagine that the sun would ever set on the combustion engine. The
only way to reduce the interdependence on oil for transportation is a transition from combustion
engines to electric vehicles. Living in the 21st century, where people slowly started to prove that
fact stated above, ensuring them a safer environmental conditions and more efficient technology
is essential while on the other hand scientists keep coming up with more innovations.
The year of 1859 was when rechargeable batteries produced a viable source for producing
onboard electricity for automobiles. In the late 19th century, sophisticated and diversified
commercial battery cars started hitting the streets. But the battery vehicles were dominated by
gasoline cars in the 20th century due to the low speed and range of the BEVs. After decades, the
late 1990s introduced the world to a new concerning issue about the global warming and the major
contributing factor being the emissions from gasoline cars which renewed interest in electric cars
for a lot of manufacturers. In early 21st century, lithium-ion batteries came into limelight becoming
an innovation to cure our addiction to deplete fossil fuels and to reduce the exponential increase
in global warming [1].
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1.1 Motivation
Lithium-ion battery, a cleaner alternative, is a technology that we’ve been using in our
daily routine in most of our electrical appliances. Large number of battery packs are now used in
most of the battery electric vehicles which together produce large amounts of power required.
Though lithium-ion cells are known for their high energy density, low self-discharge rate, good
stability, high operating voltage, compact sizes and efficiencies, real-life incident reports of fire
and explosion hazards (thermal runaway) in various vehicles has put a huge doubt on the safe
operations of the battery vehicle.
Due to these failures of Li-ion batteries, there is an increasing demand for simulation
softwares which can access latest numerical methods and algorithms to integrate all the
components of the battery, captivating most of the physical features to estimate the performance
and characteristics of the cell before they are manufactured.
1.2 Literature Review
Bandhauer et al. [2] derived a fundamental expression for localized electrochemical heat
generation and estimated, in small cells, heat from concentration loss is negligible. As battery size
increases, the length from the current source to the tab increases. Also, concentration near the tab
regions contributes to a significant heat generation.
Damblanc et al. [3] added Arrhenius term which includes activation energy and reaction
rate to battery polarization variable. They compared experimental data with simulation results for
Li-ion pouch at different C rates. They provided an approach to model a battery coupling
electrochemical model in Battery Design Studio with thermal model in Star CCM+.
Ponchaut et al. [4] provided a framework for assessing the efficacies of thermal
management system. They used Star as a CFD tool to simulate various thermal conditions for a
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battery module which consisted of a number of battery packs. They also used fins for air cooling
in the battery pack to understand the battery performance under various thermal conditions.
Arendas [5] tested LiFePO4 batteries and determined their capabilities while varying
temperature and C rate. He created a profile of the battery’s usable capacity using the experimental
data. He also estimated that batteries tend to drop their capacities and their life cycles as the
temperature falls below 200C. He found out that the temperatures are higher near the tab regions
and lower at the bottom regions of the battery.
Chatterjee [6] experimented with the LiFePO4 battery under various environmental
conditions and at different C rates and concluded that the battery performs with close to 80%
efficiency when the temperatures of the battery are ranging between -40C to 500C for a discharge
rate of 0.5C. He also estimated that the optimum range of battery temperatures for safe operating
conditions should be 300C to 450C.
Jalaj [7] developed a 2D COMSOL battery model using spinel structured LiMn2O4 as
cathode material. He compared temperature-dependent and temperature-independent models and
focused on sensitivity of temperature dependence on species transport properties. He concluded
that temperature-independent model may give rise to high error in predicting the cell performance
over temperature-dependent model
Subedhar [8] designed a battery energy storage system (BESS) for locomotive by
considering peak regenerative breaking energy. He estimated that heat generation is more in case
of a convective boundary condition when compared to the adiabatic conditions, and major
contribution to heat generation in the case of convective boundary condition was ohmic heating.
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He observed that effect of cooling and performance is better when height of the battery is reduced
though the amount of heat generation is more.
Baggu [9] designed a single-flow-channel serpentine cold plate and coupled the fluid
model to the 2D battery model in COMSOL. He controlled the battery operating temperatures
using these cooling plates and maintained the temperatures 70C to 120C lower than the original
operating temperatures for various load cycles.
Samineni [10] developed bipolar cold plate designs to analyze performance of the battery
under different charging and discharging conditions. He designed number of parallel-flow cold
plates to meet the thermal requirements of battery operating temperatures in a battery stack in an
electric vehicle. He also tested the cold plates over a practical load cycle which restricted the
temperature variation to 20C, thus eliminating hot spots.
1.3 Scope of Work
The aim of this study is to compare the performance of two batteries identical in chemistry
but geometrically different. Performance is compared under various discharge conditions.
Considering the fact that both the battery packs can be compared only when the total capacity of
these packs are equal, the battery packs have been designed. The idea is to eliminate the utilization
of cooling plates when the geometry can be a factor, which can contribute to heat generation.
Multiple factors affect the deliverable power of the battery, one of which was identified as the
increase in concentration losses due to increased resistance during a C rate discharge. This is due
to charge transport phenomena in the batteries. Heat loss is usually negligible in smaller cell; as
the battery size increases in length from the current source to the tabs, concentration of current
near the tabs may cause significant heat generation [2]. A computer simulation model is developed
by coupling a battery model with a CFD model to investigate cell polarization and the thermal
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behavior of the battery under various load conditions and atmospheric conditions. This model
includes electrochemical kinetics and heat generation within battery. A lithium iron phosphate
(LiFePO4) model was designed in Battery Design Studio using the experimental data from
previously conducted research at NIU. A CFD model is developed using Star CCM+ which
includes conjugate heat transfer and flow dynamics of atmospheric air and coolant in cold plates.
The two models provide a clear picture of how the length of the battery can affect the heat
generation, temperature distribution and cell polarization in the battery.

2. FUNDAMENTALS

In this chapter, fundamentals of battery parameters, operation, lithium-ion batteries, losses
and thermal management of batteries will be explained.
2.1 Battery Parameters [11]
To understand the concepts in the upcoming chapters, it is crucial to understand the
definitions of the following battery terminology as mentioned below.
Voltage of a battery is the potential difference between two electrodes, also known as
electric energy potential per unit charge.
Open circuit voltage is known as the potential difference of the battery when it is not
connected to any load in a circuit. In this study, the upper cut of voltage of the battery is 4.2V.
Cut-off voltage is the voltage at which battery is totally discharged. Further discharging
would harm the battery. In this study, the battery used has a lower cut-off voltage of 2.4V
Active material are the constituents of electrodes in a cell that involves in electrochemical
reactions during charging and discharging.
Capacity is the total amount of energy that a fully charged battery can deliver during
specified discharge conditions. Capacity of the battery is directly proportional to the active
material of a battery.
State of charge (%) is an indicator that shows amount of charge available in terms of
percentages.
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Depth of discharge (%) is the amount of charge that has been consumed in terms of
percentages. It is an alternate method of indicating the state of charge in a battery. If one increases,
other decreases.
Volumetric Heat is the volume-based sum of all generated heat.
C rate is the rate at which a battery is discharged or charged. For example, if the capacity
of the battery is 10Ah, the battery can deliver 10A of current for 1hr at a discharge rate of 1C. The
same battery can also deliver 20A of current for 30mins at a discharge rate of 2C and 5A of current
for 2hrs at a rate of 0.5C.
Load cycle is the amount of electric energy discharged or charged during battery operation.
Internal resistance is the resistance within the battery which causes a drop in voltage. In
this study, current is used as a control condition. So with increase in resistance, voltage decreases,
which in turn contributes to a drop in battery efficiency.
2.2 Operation
Battery is a device that can store electrical energy produced from exchange of electrons
between two chemical reactions – oxidation and reduction reactions. There are three main parts of
a simple battery that is discharging current, positive electrode (cathode), negative electrode
(anode) and electrolyte. While charging, anode becomes cathode and cathode becomes anode.
While discharging, anode, the lower potential electrode which contains excess of electrons,
undergoes oxidation by losing electrons. The electrons travel through an external circuit to reach
cathode which causes reduction reaction at cathode. Meanwhile, anions from cathode will travel
through the electrolyte medium reaching anode and completes the circuit. Vice versa of this
phenomenon is charging. Half-cell reactions that take place at both the electrodes occur due to the
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potential difference between the electrodes. A schematic diagram of charging and discharging
cycles is displayed in the Figures 1 and 2.

Figure 1: Charging Operations of Battery
(http://www.mpoweruk.com/chemistries.htm)

Figure 2: Discharging Operations of Battery
(http://www.mpoweruk.com/chemistries.htm)
There are two types of batteries, primary and secondary batteries. Primary batteries are the
ones which cannot be reused once they are discharged completely; secondary batteries can be
discharged and recharged multiple times until they reach maximum life cycle[1].
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2.3 Lithium-Ion Batteries
Lithium, being the lightest metal, has the greatest electrochemical potential and has the
highest specific capacity value of 3.86Ah/g [12]. In the mid-1980s, it was discovered that
rechargeable batteries with lithium as electrode can possess high energy densities [1]. Lithium-ion
batteries have various advantages like a long cycle, maintenance free, high capacities, low internal
resistance, good coulombic efficiency and low self-discharge [13].
In this study, a lithium iron phosphate (LiFePO4) battery is used. A schematic diagram of
the LiFePO4 battery is show in the Figure 3. This LiFePO4 battery consists of a lithiated porous
graphite (LixC6) as anode, lithium iron phosphate (LiyFePO4) with olivine structure as cathode,
mixture of ethylene carbonate (EC-C3H4O3) and ethyl methyl carbonate (DMC-C3H6O3) in the
ratio of 1:2 as the electrolyte and lithium hexaflorophosphate (LiPF6) salt as conductive aid.

Figure 3: Schematic Diagram of LiFePO4 Battery [14]
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Reaction during discharge:
at anode
LixC6

discharging

xLi+ + xe- + 6c

at cathode
LiyFePo4 + xe- + xLi+

discharging

Lix+yFePo4

Reactions during charging:
at anode
xLi++xe-e+ 6C

charging

LixC6

at cathode
Lix+yFePo4

charging

LiyFePo4 + xe- + xLi+

where x and y are the insertion factor for the negative and positive electrodes respectively; x and
y are defined as the ratio of the initial lithium concentration to the maximum concentration in the
solid phase of the negative and positive electrodes respectively.
2.4 Losses
There are some voltage losses in a battery while charging and discharging. These losses
are nothing but the drop in voltages from equilibrium voltage due to three factors. The three factors
are activation loss, ohmic loss and concentration loss as displayed in the Figure 4.
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Figure 4: Voltage Losses in a Battery
Activation loss occur as an expense to force the half-cell reaction to complete. Due to these
losses the voltage drops suddenly from OCV until the electrochemical reaction starts.
Ohmic loss is a drop in voltage due to the internal resistance to ionic conduction of a battery
and is measured using ohms’ law. This loss is directly proportional to the load current and the total
internal resistance.
Concentration loss is a drop in voltage from equilibrium voltage that is caused due to
changes in electrolyte concentration when the current passes through the electrode/solution
interface.
2.5 Thermal Management
Risk of fire and explosion has been a point of concern for lithium-ion batteries. A lot of
real-life events of fire accidents occurred due to thermal runaway of the battery pack in vehicles,
laptops and cell phones. Primary hazard in a lithium-ion battery is the electrolyte. It contains an
organic solvent that is corrosive and flammable. It is harmless when inside the battery but harmful
if it leaks from the sealed package. Cases of electrolyte creating a hazard occur under three
circumstances: by corrosion, fire or explosion. External abusing conditions, internal events
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occurring inside the battery or exothermic reactions are a few contributing factors for these
incidents. According to Arrhenius law, temperature of battery increases reaction rate
exponentially. To control these event or to ensure safe operating temperatures that lead to a better
battery performance, it is important to understand the effect of temperature on batteries.
Low-temperature operation – According to Arrhenius law, rate of chemical reaction
reduces with decrease in temperature, making insertion of lithium ion into the intercalation spaces
more difficult [15].
High-temperature operation – Higher temperature leads to faster rate of chemical reactions
in the battery. Higher currents will lead to greater I2R losses, which cause more heat dissipation.
If heat is removed faster, there is less chances of thermal runaway [15].
Uniform battery temperatures are important to maintain as the temperature differences
cause a mass imbalance thus exhausting the active material.
2.6 Cooling Techniques
There are two types of cooling techniques that are developed in this study; air cooling
system and liquid cooling system. Air cooling technique is a system where air is used as a cooling
medium for natural convection to occur. This can be done by installing an air conditioning unit to
control the air flow around the battery packs. Liquid cooling system, in this study, uses water as a
coolant to transfer heat generated by the battery to a heat sink. A bipolar cooling plate is used in
between the batteries and coolant is allowed to flow through the channels of these plates to absorb
heat. Bipolar cold plate designs were not only able to control the hot spots issue but were also able
to maintain a uniform battery temperature.

3. BATTERY MODELLING

This chapter deals with the concepts of the battery pack designs used in this study and
physics used to investigate the heat generation within a battery.
3.1 Design of Physical Models
The battery is designed in the battery simulation module NTG (Newman, Tiedemann, Gu)
model, which is one of the three available numerical battery models: NTG, equivalent circuit
model, and detailed electrochemistry model [3]. To demonstrate the methodology, we will use
NTG model in this study.
3.1.1. Electrochemical Model
This model describes procedures to calculate the heat generation within a battery. Heat
generation as we discussed in earlier chapters is a product of various polarization losses. NTG
model is used to estimate the heat generation within the battery.
NTG (Newman, Tiedemann, Gu) model [16]
Current density J is a function of potential difference between the electrodes. This function
is dependent on the characteristics of the electrodes which are expressed in NTG models using
polynomials. Newman et al. introduced cell polarization variable Y which takes into account the
polarization in electrodes, electrolyte and separator and expressed current density in terms of
polarization variable and voltage of cell [16]. Gu et al. later expressed Y, U in terms of depth of
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discharge using experimental data [17].
𝐽

(3.1)

𝑉𝑐𝑒𝑙𝑙 (DOD, J) = 𝑌 + U

𝑡

DoD =

∫0 𝐽 𝑑𝑡
𝑄𝑡

,J=

𝑡

DoD =

∫0 𝐽 𝑑𝑡
𝑄𝑡

,J=

(3.2)

𝐼
𝐴

(3.2)

𝐼
𝐴

U = a0 + a1 DOD +a2𝐷𝑂𝐷 2 +a3 𝐷𝑂𝐷 3

(3.3)

Y = (𝑎4 + 𝑎5 DOD + 𝑎6 𝐷𝑂𝐷 2 )

(3.4)

Q =I* (U- 𝑉𝑐𝑒𝑙𝑙 )

(3.5)

Kim et al. [18] experimentally concluded that small and low-capacity batteries can be used
for bigger and high-capacity batteries as the high capacity-batteries are expensive and time
consuming for experimental studies. Damblanc et al. [3] added Arrhenius term to battery
polarization variable to include the effects of temperature on battery performance. Thus, the
modified equation of Y is show in equation (3.6):
𝐸

Y = (𝑎4 + 𝑎5 DOD + 𝑎6 𝐷𝑂𝐷
where
Vcell is working cell voltage, V
DoD is depth of discharge (fraction)

1

1

𝑎
(
− )
2 )𝑒 𝑅 𝑇𝑟𝑒𝑓 𝑇

(3.6)
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J is current density, A/m2
I is current, A
Q is heat generation, W
U is intercept of voltage – current curve
Y is inverse of the slope of voltage – current curve
In this study, experimental data developed by Chatterjee [6] at NIU was used to develop
curve fitting equations. Coefficient values of a0 to a6 were determined through a regression process.
Curve fitting equation derived are shown in equations (3.7) and (3.8):
U = 4.183 - 2.82 DOD + 7.565𝐷𝑂𝐷2 - 9.122 𝐷𝑂𝐷3 - 6.73 𝐷𝑂𝐷 4 + 23.966𝐷𝑂𝐷 5 14.021 𝐷𝑂𝐷 6

(3.7)

Y = 1122.7 − 383.94 DOD + 123.78 𝐷𝑂𝐷 2 -17.44 𝐷𝑂𝐷 3 + 1.0974 𝐷𝑂𝐷 4 0.026 𝐷𝑂𝐷5

(3.8)

3.1.2. Thermal Model
According to NTG models, heat generated within the battery is calculated using energy
balance equation as shown below:
𝜕𝑇

𝜌 𝑐𝑝 𝜕𝑡 =

𝜕
𝜕𝑥

𝜕𝑇

(𝑘𝑥 𝜕𝑥 ) +

𝜕
𝜕𝑦

𝜕𝑇

(𝑘𝑦 𝜕𝑦) +

𝜕
𝜕𝑧

𝜕𝑇

(𝑘𝑧 𝜕𝑧 ) + 𝑞

(3.9)

where
ρ is density (kg/m3)
Cp is volume averaged specific heat capacity (J/kg. K)
kx, ky and kz are effective thermal conductivity along x, y and z directions respectively
q is heat generated within battery
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3.2 Computational Model
3.2.1 Battery Design Studio Model
In Battery Design Studio, we start with defining a battery cell design which incorporates
battery models and numerical algorithms for various load cycle files. BDS provides a wide range
of cell properties that can be specified such as geometrical dimensions, electrode, electrolyte and
separator properties and curve fitting parameters. With all these parameters together, we built two
batteries in text battery module (.tbm) files and load cycles for various C rates of discharge and
charge cycles.
The battery packs design used in this study is a LiFePO4 battery developed by AA Portable
Power Corp as model #PL-977.59156-10C. A major reason to use the same battery that was used
in previous research work at NIU by Chatterjee [6] and Samineni [10] is to use the experimental
results of the battery in NTG model curve fitting equation for the electrochemical model.
The

first

battery

that

was

designed

using

BDM

has

dimensions

of

153mm*90mm*4.377.56mm and their battery specifications were as shown below:
Voltage = 3.31 V
Capacity = 7.58 Ahr
Energy = 25.11 Whr
Upper cut-off voltage = 4.2 V
Lower cut -off voltage = 2.4V
Another battery that was designed had the same battery chemistry as shown in Figure 5
and Figure 6, but the length of the battery was halved. The dimensions of the second battery pack
was 77.5mm* 90mm*4.377.56mm and their battery specifications were as follows:
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Voltage = 3.3V
Capacity = 3.79 Ahr
Energy = 12.55 Whr
Upper cut-off voltage = 4.2 V
Lower cut-off voltage = 2.4

Figure 5: Positive Electrode Properties

Figure 6: Negative Electrode Properties
Various load cycle program files were programmed in BDS which had a constant C rate
for discharge and charge cycles for both the batteries. Figure 7 and Figure 8 show the cycler for
153 mm and 77.5 mm batteries respectively at a C rate of 1C. To understand the C rate variations
in the cyclers, please refer to “C rate” in Chapter 2.1. Similarly, cyclers have been designed for a
C rate of 4C and 16C which were used for further study.
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Figure 7: 1C Cycler for 153 mm Battery

Figure 8: 1C Cycler for 77.5 mm Battery
These .tbm files and .prg files designed in Battery Design Studio model are imported to
Star CCM+ where the CFD modelling is done and simulation results are obtained.
3.2.2 Star CCM+ Model
In this study, Star CCM+ simulation software is used for analysis of electrochemical and
thermal performance of the battery. Ecells, defined as structured electrical grid on the battery, are
used to run the electrical solver portion. The electrical solver implements a 1D battery model to
compute voltage as a function of time, current and temperature [19].
Star CCM+ also allows us to create battery modules which consist of a number of cells that
are connected in series or parallel. Star CCM+ can withstand simulation of a number of battery
modules. In this study, the battery design with a length of 153mm will have two cells connected
in series calling them a single module. This battery module in total will have a capacity of 15.16
Ah as each cell has a capacity of 7.58 Ah. The arrangement of these batteries together is shown in
the Figure 9. The two batteries have a gap of 1mm in between each other to hold a cooling plate
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in further research. For simplification of terms, the first battery design will be called as 153mm
battery in further chapters.

Figure 9: Geometry Scene of 153mm Battery
Another battery design with a length of 77.5mm will have four cells in total which are split
into two modules and each module contains two cells. The two batteries in each module are
connected in series. The arrangement of the two modules and the whole 77.5 mm battery design
is shown in the Figure 10. The two batteries in each module have a gap of 1mm in between each
other just like the 153 mm battery. This method of creating two modules is done to compare the
two different designs on the same ground, i.e., capacity. For simplification of terms, the second
battery design will be called as 77.5 mm battery in further chapters.
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Figure 10: Geometry Scene of 77.5 mm Battery
3.2.2.1. Physics Models
The physics models used for both the batteries are the same. According to the available
literature, battery model is only available for a three-dimensional solid continua and can only be
used with an implicit unsteady solver. Segregated solid energy model solves flow equations in a
segregated and uncoupled manner. Using a predictor – corrector approach, a linkage between the
momentum and continuity equations is achieved. It controls the velocity and pressure solver
according to the SIMPLE algorithm. So the physics models used in this study is shown in Table
1.
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Table 1:Battery Physics
Space
Time
Material
Model
Energy
Equation of State

Three Dimensional
Implicit Unsteady
Solid
Battery
Segregated Solid Energy
Constant Density

3.2.2.2 Mesh Model
Meshing is a method of discretization of the battery design into smaller elements in the
process of computation simulation of governing equations. Electrical mesh and thermal mesh are
the two types of meshes created by Star CCM+ in this model. Electrical mesh is used by the
electrical solver to calculate voltage, current and heat generation within the battery while the
thermal mesh is used by the thermal model to calculate temperature of the battery. Surface
remesher and thin mesher models are used in this study as thin mesher recognizes all the thin parts
of geometry and produces prismatic cells within the parts [19]. The base reference value was set
to 5 mm and a relative minimum size was set to 1.25 mm. The mesh models for both the battery
models look as shown in the Figure 11 and a close view of the mesh near tab regions can be
observed in Figure 12. The 153 mm battery had 121689 cells when the mesh was generated and
the 77.5 mm battery had 138116 cells.
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a

b

Figure 11: (a) 153mm Battery Mesh Scenes and (b) 77.5mm Battery Mesh Scenes

Figure 12: Close View of Mesh Near the Terminals
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3.3 Cold Plate
The battery designs are separated by 1mm distance which is utilized for cooling techniques
developed by Samineni [10]. A 4-channel and 16-subchannel symmetrical cold plate as shown in
Figure 13, with a thickness of 1mm and depth of coolant flow channels of 0.4 mm, is introduced
for thermal management. In the current model, there are three types of contact interfaces created
when the cold plate is assembled with the battery models. They are cold plate/battery interface,
coolant/battery interface and coolant/cold plate contact interface.

Figure 13: 4-Channel and 16-Subchannel Symmetrical Cold Plate
3.3.1 Physics
Heat generated in the battery is carried away by the coolant flowing through the flow
channels of the cold plate, so there is a convection heat transfer between the coolant/plate interface
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and the coolant/battery interface. Also, heat generated is conducted by the cold plate at
plate/battery interface. The energy equations used to solve conduction and convection heat transfer
are expressed in equations 3.10 and 3.11:
Conduction heat transfer
𝜕𝑇

𝜌 𝑐𝑝 𝜕𝑡 = 𝛻 . (𝑘𝑠 . 𝛻𝑇)

(3.10)

Convection heat transfer
𝜕𝑇

𝜌 𝑐𝑝 ( 𝜕𝑡 + 𝑢

𝜕𝑇
𝜕𝑥

+𝑣

𝜕𝑇
𝜕𝑦

+𝑤

𝜕𝑇
𝜕𝑧

) = 𝛻 . ( 𝑘 𝛻 𝑇)

(3.11)

Flow in the channels have an inlet velocity of 1 m/s and are turbulent, so Viscous Regime
is set to Turbulent in the models. To minimize the computational cost and accurate results, K –
epsilon turbulence model is used. Other physics models that are used for coolant and cold plate in
this study are shown in Table 2 and Table 3 respectively.
Table 2:Coolant Physics
Time
Space
Material
Flow
Equation of State
Viscous Regime
Turbulence
Reynolds averaged Turbulence

Implicit unsteady
Three Dimensional
Water
Segregated flow
Constant density
Turbulent
Reynolds averaged Navier Strokes
K- Epsilon Turbulence

Table 3:Cold Plate Physics
Time
Space
Material
Energy
Equation of state

Implicit Unsteady
Three Dimensional
Solid (Aluminum)
Segregated Solid Energy
Constant Density
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3.3.2 Mesh
Prism layer mesher surface remesher and trimmer models are used to generate volume
mesh for the cooling plate and flow channels with a base size of 0.5mm. They solve flow equation
by creating prismatic cells next to wall surfaces or boundaries. Imported geometry quality is
improved by surface remesher model. The cold plate mesh that is generated in this study is shown
in the Figures 14 and 15. The 4-channel 16-subchannel cold plate model that was used in this study
has 3,704,603 cells.

Figure 14: Cold Plate Mesh
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Figure 15: Closer View of the Cold Plate Mesh

4. RESULTS AND DISCUSSIONS

This chapter demonstrates simulation results of two different battery models from Star
CCM+ software. The simulation model is based on coupling a battery model that takes into account
charge transport and heat generation with a CFD model for conjugate heat transfer, and flow
dynamics was used to investigate the cell polarization and thermal behavior of the battery cell for
high vehicle load cycles and fast charging conditions. This chapter will explain how the currently
designed battery models performs when it is in an isolated system, when it is under natural
convection and when a forced convection is used to cool the battery temperature. For comparing
the simulation results of both the batteries on the same scale, the scale of every result is adjusted.
All the images show a comparison results between 153 mm battery and 77.5 mm battery. The
figures to the left side are the 153 mm battery results and to right side we have 77.5 mm battery
results.
4.1. Battery Performance @4C in an Isolated System
Both the batteries were connected to a program file which had a constant 4C rate discharge.
Temperature and heat generation patterns are observed in these simulations at various time steps.
It takes 900s for the battery to discharge completely, so total volumetric heat generation and
temperature plots of the battery are observed at the end of 300s, 600s and at 900s time steps as
shown in the Figure 16-21. The current isolated system is adiabatic and there is no heat transfer
between the environment and the battery packs.
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a

b

Figure 16: Volumetric Heat Under Adiabatic @4C End of 300s (a)153mm and (b) 77.5 mm

a

b

Figure 17: Volumetric Heat Under Adiabatic @4C End of 600s (a)153mm and (b) 77.5 mm
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a

b

Figure 18: Volumetric Heat Under Adiabatic @4C End of 900s (a)153mm and (b) 77.5 mm
From the total volumetric heat generation plots above, it can be observed that heat is
dissipated more near the tab regions as it discharges. This is because there is a very high current
density near the tab bases and low electrical conductivity of electrode current collector [20]. By
the end of the cycle, at a 4C rate, the battery picked up heat at the bottom of the cell in both the
cases. By the end of the cycle, maximum battery volumetric heat was 994188.87 W/m 3 for the
153mm battery, while the 77.5 mm battery had a maximum of 635228.56 W/m3. This shows that
there is a 36% reduction in the hot spots generation in the shorter battery. The difference in heat
generation can be observed at various time steps in Figures 16 -18.
Temperature of a battery is initially 300K. With discharge in progress, temperature plots
show an increase in battery operating temperatures. High-temperature regions were observed to
follow a trend of moving from the negative tab terminal to positive tab terminal. Maximum
temperature reached in the case of 153 mm battery is 441.9K while it is 384.55K in the case of
77.5mm battery, which is 12. 987% reduction in operating temperatures for an adiabatic condition.
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Though the temperatures are less in the 77.5 mm battery, the temperatures are higher than the safe
operating range. Also, the temperatures are found to be non-uniform across the batteries in both
the cases.

a

b

Figure 19: Temperature Plot Under Adiabatic @4C End of 300s (a)153mm and (b) 77.5 mm

a

b

Figure 20: Temperature Plot Under Adiabatic @4C End of 600s (a)153mm and (b) 77.5 mm
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a

b

Figure 21: Temperature Plot Under Adiabatic @4C End of 900s (a)153mm and (b) 77.5 mm
The graph below in the Figure 22 shows that the 77.5mm battery design has a better
performance in the polarization curve than the 153 mm battery design. This is due to reduction in
heat generation in the 77.5 mm battery when compared to the other. According to the graph shown
in Figure 22, efficiency of the 153mm battery was found to be 63.577.58% and the efficiency of
77.5 mm battery is 67.457%
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Figure 22: Polarization Curve - 4C Discharge Under Adiabatic Conditions
4.2 Battery Performance @ 16C in an Isolated System
In this model, C rate was increased from 4C to 16C to check how the battery performs in
fast charging and discharging conditions. Increase in C rate increases the rate of reactions due to
which temperature of the battery and total heat generation also increases. Maximum and minimum
values of 153 mm battery at the end of the cycle are 596.55.55 and 558.55 K. This is a lot higher
than the safe range of operating temperatures.

a

b

Figure 23: Temperature Plot Under Adiabatic @4C End of 75s (a)153mm and (b) 77.5 mm
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b

a

Figure 24: Temperature Plot Under Adiabatic @4C End of 150s (a)153mm and (b) 77.5 mm

a

b

Figure 25: Temperature Plot Under Adiabatic @4C End of 225s (a)153mm and (b) 77.5 mm
Irrespective of high temperatures the battery reached, the temperature plots in the Figures
23-25 show that the trend followed by the battery is a little different at 600 seconds. Temperatures
of the battery was still more near the negative electrode in both the cases.
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Figure 26: Polarization Curve- 16C Discharge Under Adiabatic Conditions
The graph in the Figure 26 shows that the 77.5mm battery design has a better performance
in the polarization curve than the 153 mm battery design. This is due to reduction in heat generation
in the 77.5 mm battery when compared to the other. According to the graph shown in Figure 26,
efficiency of the 153mm battery was found to be 57.972% and the efficiency of 77.5 mm battery
is 61.652%
4.3 Battery Performance @ 16C Under Natural Convection
In this case we added a boundary condition of natural convection with heat transfer
coefficient, h = 50 W/m2-K and the ambient temperature equal to 250C. A 16C discharge would
take 225 seconds to discharge completely, so the temperature plots are being plotted at 75, 150
and 225 seconds.
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b

a

Figure 27: Temperature Plot - Natural Convection@4C End of 75s (a)153mm (b) 77.5 mm

a

b

Figure 28: Temperature Plot - Natural Convection@4C End of 150s (a)153mm (b) 77.5 mm
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a

b

Figure 29: Temperature Plot - Natural Convection@4C End of 225s (a)153mm (b) 77.5 mm

Temperature plots at different time steps in Figure 27-29 look a lot different from the
previous temperature plots as the temperatures are higher now at the bottom of the battery rather
than the top of the battery. The temperature gradient is a result of convection across the battery
and the difference in the thermal conductivities [4]. The temperature difference across the 153mm
battery was 10.37K, 13.13K and 20.99K. Temperature difference across the 77.5 mm battery was
still in the range of 8.16K, 9.91K and 11.85K for 75, 150 and 225s time steps.
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Voltage Monitor Plot-16C Natural Convection
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Figure 30: Polarization Curve - 16C Discharge Under Adiabatic Conditions
Polarization curves for both the batteries in Figure 30 are improved when compared to the
Figure 26. This is a result of controlling heat generation in the battery models. Controlling heat
generation has always reduced the losses in a battery, which would further increase the efficiency
of the battery. Efficiency of 153mm and 77.5mm battery models are 53.23% and 56.13%
respectively.
4.4 Battery Performance Under Liquid Cooling Technique
Liquid cooling technique is a technique which is more effective than air cooling as the heat
transfer rate is higher for a liquid than air because of thin boundary layer and high thermal
conductivity but also complex in construction [20]. For current model, to control the non-uniform
temperature distribution across the battery, a bipolar cooling plate model as mentioned in Chapter
3 was introduced in between the battery packs. The design was obtained from previous research at
NIU [10]. The 4-channel and 16-subchannel bipolar cooling plate was adopted in this study.
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4.4.1 Comparing 77.5mm Battery Pack Design with Symmetric Cooling Plate and
Asymmetric Cooling Plate
Effect of symmetrical cooling plate in modelling was studied in this chapter. The cooling
plate design that was adopted for study was, initially, asymmetric for the 77.5mm battery pack
design due to which a simulation results were considered to compare the battery pack with
asymmetric cooling plate and symmetric cooling plate. In battery modelling, a small area of
interface between battery and cooling plate will cause greater impact on the performance. So it is
important to use a symmetrical model as both the battery modules in the 77.5 mm case have the
same chemistry and dimensions, which means they have same amount of heat generation. A
symmetrical and an asymmetrical cooling plate as show in the Figure 31 and 32 were used to
compare.

a
Figure 31: (a) Asymmetric and (b) Symmetric Cold Plate Designs

b
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Figure 32: Closer View of Disproportionate Interfaces

a

b

Figure 33: Volumetric Heat with (a) Asymmetric and (b) Symmetric Cold Plate
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b

a

Figure 34: Temperature Plots with (a) Asymmetric and (b) Symmetric Cold Plate

a

b

Figure 35: Temperatures of Cooling Channels in (a) Asymmetric and (b) Symmetric Cold Plate
The battery models were discharged at 4C rate and the comparison plots are shown in the
Figures 33-35. Maximum heat generated by the battery modules under asymmetric cooling plate
is 244215.13 W/m3 while it is 242021.731 W/m3 for the symmetric cooling plate design. This is
0.899% higher than the symmetrical battery module’s heat generation as show in Figure 33.
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Maximum temperature reached by the battery (Figure 34) in the asymmetric cold plate is
301.181K and the symmetric cold plate reached 301.077.5K. In the cooling channel temperature
plot (Figure 35), maximum temperature in the cooling channels is 301.16K for the asymmetric
cooling plate and maximum temperature in the cooling channels is 301.069K for the symmetric
cooling plate is 301.069K.
4.4.2 Comparing Battery Packs @ 4C Discharge
Since the results showed that symmetrical cold plate is essential to get a uniform battery
operating temperatures, we have considered symmetrical cold plates for further case study. The
153mm and 77.5mm battery packs were compared when a 4C discharge cycle is connected to the
battery along with cooling plates.
Figure 36 shows the volumetric heat generation in both the battery when under influence
of liquid cooling technique. The plot was taken at the end of the cycle for a 4C discharge. When
compared to the battery volumetric heat generation plot for 4C discharge at the end of the cycle in
an isolated system (Figure 18), the maximum heat generated by the battery under the influence of
cooling technique was reduced by 61.01% in 153 mm battery and 61.91% in 77.5 mm battery with
respect to adiabatic plots in Figure 18.
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a

b

Figure 36: Volumetric Heat Generation@4C discharge in (a)153mm (b)77.5mm
Difference in maximum temperature in both the batteries is 0.04K and it can be observed
from the Figure 36 that the 153 mm battery was slightly hotter than the 77.5 mm battery pack.
With respect to the without cooling plate temperature, it reduced by 108.88 K for 77.5mm battery.
As shown in the Figure 37 and 38, it can be understood that there is a temperature difference in
both 153 mm and 77.5 mm models which is equal to 0.58K.
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a

b

Figure 37: Temperature Plots @4C Discharge in (a)153mm (b)77.5mm

a

b

Figure 38: Temperature Plots for Cooling Channels@4C Discharge in (a)153mm (b)77.5mm
Horizontal line probes have been plotted at various regions to check the temperature
uniformity along the width of the battery. Results of these probe lines can be seen in the Figures
39 and 40. Variation of temperature in 77.5mm battery is below 0.6K.
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Figure 39: Horizontal Line Probes Along the Face for 153 mm Battery

Figure 40: Horizontal Line Probes Along the Face for 77.5 mm Battery
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4.4.3 Comparing Battery Packs @ 16C Discharge
To observe the performance of the battery at a higher C rate, 16C, the 153mm and 77.5mm
battery packs were compared when a 16C discharge cycle is connected to the battery along with
cooling plates.
Figure 41 shows the heat generation in both the batteries when under influence of liquid
cooling technique at a 16C discharge rate.

a

b

Figure 41: Volumetric Heat Generation@16C Discharge in (a)153mm (b)77.5mm
Difference in maximum temperature in both the batteries is 1.21 K and it can be observed
from the Figure 41 that the 153 mm battery is hotter than the 77.5 mm battery pack. With respect
to the without cooling plate temperature, it reduced by 182.06 K for 77.5mm battery. As shown in
the Figures 42 and 43, it can be understood that the temperature difference between 153 mm and
77.5 mm is 1.21 K.
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b

a

Figure 42: Temperature Plots@16C Discharge in (a)153mm (b)77.5mm

a

b

Figure 43: Temperature Plots for Cooling Channels@16C Discharge in (a)153mm (b)77.5mm
Horizontal line probes have been plotted at various regions to check the temperature
uniformity along the width of the battery. Results of these probe lines can be seen in the Figures
44 and 45.
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Figure 44: Horizontal Line Probes Along the Face for 153 mm Battery

Figure 45: Horizontal Line Probes Along the Face for 77.5 mm Battery

5. CONCLUSION
Two different battery models were designed whose cells are identical in chemistry but
geometrically halved. In this study, a simulation model is designed based on coupling a battery
model and a CFD model for conjugate heat transfer, and flow dynamics was used to investigate
the cell polarization and thermal behavior of the battery cell at high discharge rate. Performance
of the battery under various environmental conditions have been studied at different rates of
discharge. This base model can be reused for different load cycles. Variation in the performance
of battery when asymmetric and symmetric bipolar cooling plates were introduced was observed.
Amount of heat generated and operating temperatures of the battery is a lot less when the height
of the battery is reduced. Also, simulation results show that generated heat is absorbed more by
the coolant in the cooling plate in smaller battery packs rather than a larger pack. Uniform battery
temperatures are maintained across the battery where the difference between highest and lowest
temperatures is less than 1K for 4C rate discharge and 6K for 16C discharge.
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